Abstract⎯A generalized theory of the normal properties of metals in the case of electron-phonon (EP) systems with a nonconstant density of electron states has been used to study the normal state of the SH 3 and SH 2 phases of hydrogen sulfide at different pressures. The frequency dependence of the real and imaginary parts of the self-energy part (SEP) of the Green's function of the electron real part , and imaginary part of the complex renormalization of the mass of the electron; the real part and the imaginary part of the complex renormalization of the chemical potential; and the density of electron states renormalized by strong electron-phonon interaction have been calculated. Calculations have been carried out for the stable orthorhombic structure (space group Im m) of the hydrogen sulfide SH 3 for three values of the pressure P = 170, 180, and 225 GPa; and for an SH 2 structure with a symmetry of I4/mmm (D4h 7) for three values of pressure P = 150, 180, and 225 GP at temperature T = 200 K.
INTRODUCTION
In [1, 2] , the transition of the metallic phase of hydrogen sulfide into a superconductive state was discovered at a pressure on the order of 170 GPa at T = 203 K. The high value of T c in hydrogen sulfide subject to a pressure is the property of exceptionally electronphonon (EP) system [1, 2] . The presence of an isotope effect and a Meissner effect in the hydrogen-sulfide phase formed under pressure on the order of 170 GPa has been experimentally shown in [2] . The main candidate for the role of the superconductive phase in [2] was considered to be the compound with a stoichiometry of SH 3 and Im m symmetry. In [3] , together with the compounds of stoichiometry SH n (n ≤ 3), a phase of composition SH 2 was found with a symmetry of I4/mmm, for which electron and phonon spectra were calculated, as well as the densities of electron and phonon states in the range of pressures of 100-225 GPa. In [3] [4] [5] [6] [7] [8] [9] , it has been shown that the main candidates for the role of the superconductive phase are compounds with a stoichiometry of SH 3 and SH 2 .
The quantum-field theory of the electronic properties of the normal state of a crystal, and also the Eliashberg theory of a superconductive state [10, 11] are based on the work of Migdal [12] . When considering the properties of the EP system of hydrogen sulfide, it is critically important to take into account the sharp changes in the electron density of states (DOS) on the energy scales commensurable with the characteristic energy of phonons, as well as the finite width of the electron band. Apparently, under pressure, hydrogen sulfide is an ideal material for the effect of the considered reconstruction of electron bands to manifest. This is connected with the fact that, in metallic hydrogen sulfide, the coincidence and superimposition of three key factors is observed, i.e., (1) the finite width of the conduction electron band simultaneously with sharp changes in the DOS in this band; (2) the very high energy of phonons ~0.25 eV, which is connected with the collective vibrations of quasi-twodimensional metallic hydrogen stabilized by the sulfur sublattice; and (3) a high constant of electron-phonon coupling λ that exceeds unity. The exceptionally strong electron-phonon coupling λ > 1 in the metallic hydrogen sulfide appears because of the absence of filled electron shells in the protons. Specifically, this is due to the three factors above, which we can expect in metallic hydrogen sulfide a cardinal reconstruction of the electronic spectrum by a strong electron-phonon interaction.
ELECTRONIC PROPERTIES OF SH 3 AND SH 2 PHASES OF HYDROGEN SULFIDE NONRENORMALIZED BY THE ELECTRON-PHONON INTERACTION
The structure of the hydrogen sulfide SH 3 ( Fig. 1  [4] ) is considered [6] [7] [8] [9] [10] [11] [12] as one of two main pretenders to be the phase that is responsible for the superconductivity in experiments [1, 2] , along with the metastable SH 2 phase that coexists with SH 3 . 
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In [4] , calculations of the electron and phonon properties of this phase were carried out at a pressure of P = 225 GPa. The square unit cell of this structure has Im m symmetry. It was shown that, for the electronic density of states in SH 3 at this value of pressure the Fermi level is always located in the region of the peak of the electronic DOS. The energy-band structure of electrons in the SH 3 phase, and also the DOS in the SH 3 phase presented in [3] [4] [5] [6] [7] [8] [9] are the band structures that take into account the ideal crystal lattice of the SH 3 crystal of symmetry Im m, as well as the electron-electron interaction with allowance for the effects of exchange and correlation. Nevertheless, these band-calculated phases of SH 3 with the symmetry Im m and of SH 2 with the symmetry I4/mmm (D4h 7) in no way take into account the effects of the renormalization of the electron-band spectrum by the strong electron-phonon interaction.
RENORMALIZATION OF THE ELECTRON SPECTRUM BY THE ELECTRON-PHONON INTERACTION
We will describe the effects of the renormalization of the electron spectrum in metallic hydrogen sulfide by phonons using quantum-field methods with allowance (in the self-consistent form) for the effects of reconstruction of the complex self-energy part (SEP) of the electronic Green's function in hydrogen sulfide, along with the reconstruction of the DOS. For the imaginary component of the SEP of the electronic Green's function, the following expression was obtained in [13] [14] [15] :
The expression for the real part of the SEP takes on the following form [13] [14] [15] : (2) where n B (z) is the Bose distribution function, f(z') is the Fermi distribution function, Z(ω) is the complex renormalization of the electron mass, and χ(ω) is the quantity that is usually called the renormalization of chemical potential. In (1) and (2), the DOS N(z') renormalized by the EP interaction is expressed through the bare DOS as follows:
This density of states N(z') is not a symmetrical (even) function of z'. In (3), the expression for Im g R is given by the formula (4) so that system of equations (1)- (4) is nonlinear. Formulas (1)-(4) describe the frequency dependence of the density of electronic states, as well as the effect of the finite width of the electron band. In (3), g R is the retarded electronic Green's function, is the spectral function of the EP interaction, and is the bare (not renormalized by the EP interaction) variable density of electronic states determined by the following expression at the energy of bare electrons ξ. The form of writing (1)- (4) assumes averaging over all directions of the momentum that correspond to the energy surface ξ.
The replacement of a detailed description of the dispersion law for electrons by an averaged characteristic, such as the density of electronic states, is a good approximation, which makes it possible to reproduce all of the most important features of the behavior of the electron-phonon system. The thus-written system of equations preserves the total number of electrons, since, along with the reconstruction of the bands, it simultaneously describes the renormalization of the real part of the chemical potential, which corresponds to the shift of the Fermi level due to the EP interaction. When writing system of equations (1)- (4), we proceeded based on the validity of the Migdal theorem [12] , according to which the vertex corrections due to the additional phonon lines can be disregarded, since these corrections are small to an accuracy of terms determined by some power of a small parameter where E cond is the width of the conduction band. When formulating the mathematical model described by the system of equations (1)- (4), we also neglected the phonon multitails for the vertices. The allowance for these multitails leads to the appearance of contributions that correspond to a simultaneous interaction of an electron with two or more phonons. We took into account that the constant corresponding to the simultaneous interaction of an electron with a pair or with a greater number of phonons is extremely low [16] [17] [18] . However, the sequential interaction of electrons with phonons, which corresponds to the allowance for the contributions from a single-tail vertex in the arbitrary order in powers of the electron-phonon interaction, is completely taken into account in this work. Indeed, by solving equations (1)- (4) analytically by the method of successive approximations and expanding the solution into a series in powers of the integral of the spectral
(in other words, in powers of the constant of the EP interaction λ), we obtain that both and contain an infinite number of contributions that correspond to the successive interaction of an electron with phonons in an arbitrary order.
When writing system of equations (1)- (4), the renormalization of the phonon Green's function by the EP interaction was not carried out. As was shown by Brovman and Kagan [19] , this renormalization leads to a double allowance for contributions from the EP interaction to phonon Green's function and, as a consequence, to the appearance of negative phonon frequencies that are absent in reality, which corresponds to a false instability of the lattice upon a significant EP interaction.
CALCULATION METHODS AND THE RESULTS
In the calculations, we substituted the bare (not renormalized by the electron-phonon interaction) density of the electronic states of the hydrogen sulfide obtained in [4] into the nonlinear system of integral equations (1)- (4), which describe the normal state of the metallic hydrogen sulfide; the dimensionless argument was expressed in fractions of the maximum phonon frequency. The spectral function of the electronphonon interaction α 2 (z)F(z) (Figs. 3, 4) , which depends on the pressure and on the type of the phase of the hydrogen sulfide, also has a dimensionless argument expressed in fractions of the maximum phonon frequency. The maximum phonon frequency is 0.214 eV for the SH 3 phase of the hydrogen sulfide; and 0.275 eV, for the SH 2 phase. The bare density of electronic states demonstrates no dips to the zero values at the energies lower than the Fermi level, despite the presence of fully occupied bands that lie lower than the conduction band. This follows from the fact that, despite the overlap of these bands on energy between themselves, in the Brillouin zone, these bands are arranged in different regions of the momentum space. The conduction band makes the main contribution to the electronic density of states at values of the energy argument that lie within the limits of -4 to +4 in the dimensionless energy units, i.e., within the limits of the energy range of one electron-volt both upward and downward from the Fermi level. The fact of the repeated intersection of the conduction band and of the Fermi surface, which can be clearly seen in [4] , leads to the presence of numerous maxima and minima at the Fermi surface and, consequently, of van Hove singularities in the behavior of the density of electronic states in the case of the SH 3 phase. The insignificant contribution to the density of states in the energy vicinity of the Fermi level from other bands that are arranged partially near the Fermi surface will be disregarded. At the energies below the Fermi level, the overlap of the conduction band with the lower lying bands is insignificant. The system of equations that describes the electron-band structure of the normal state of the SH 3 and SH 2 phases of hydrogen sulfide with the strong EP interaction (1)-(4) was solved at different pressures at the temperature T = 200 K by the method of successive approximations until the effect of self-consistency is achieved. The spectral functions of the electron-phonon interaction α 2 (z)F(z) for SH 3 and SH 2 phases of hydrogen sulfide under investigation (Figs. 3, 4) are similar to the functions of the density of phonon states in these phases of hydrogen sulfide, which coincides with the conclusions made in [5] [6] [7] [8] [9] . The constant of the EP interaction in the SH 3 phase is , while in the SH 2 phase is λ ≈ 1.0. These values speak of a strong EP interaction in these phases of hydrogen sulfide.
The main features of the spectral function of electron-phonon interaction α 2 (z)F(z) in the hydrogen sulfide SH 3 at a pressure of 225 GPa (presented in Fig. 3 ) and also the corresponding constant of the electron-phonon interaction λ ≈ 2.2 coincide with the similar characteristics from [5] [6] [7] [8] [9] .
To solve the nonlinear system of integral equations (1)- (4), we have written a program for a numerical simulation of the electron density of states. The convergence of calculations was achieved approximately after a tenth iteration at the assigned selection of the step of the calculations on the order of one hundredth of the dimensionless unit. The convergence of the iterative process depends on the step of calculations. It has been established that a change in the step of calculations by two or three times does not significantly affect the number of iterations needed to obtain the final picture of the electron density of states. A characteristic factor of the conducted calculations was the dependence of the rate of the convergence of the iterative process on an increase in the size of the computational region for the density of electronic states.
NORMAL PROPERTIES OF THE SH 3 PHASE
OF THE HYDROGEN SULFIDE Figure 5 demonstrates the results of the solution to the system of equations (1)- (4) for the real and imaginary components of the self-energy part of the electron Green's function of the SH 3 phase of hydrogen sulfide in the range of the values of the dimensionless energy variable from -10 to +10, which corresponds to the most interesting (from the viewpoint of superconductivity) region of energy from -2.14 to +2.14 eV. Figure 6 shows part of the reconstructed conduction band (right-hand side of the figure) at different spectral functions of the electron-phonon interaction, which correspond to different pressures and, as a result, also to different values of the parameter λ, in These calculations completely reproduce the polaron effects that are characteristic of multiple and strong interactions of electrons with phonons. For the SH 3 phase of hydrogen sulfide, Fig. 7 demonstrates the results of the calculations of the quantities ReZ(ω) and ImZ(ω), which describe the real and imaginary parts of the renormalized mass of the electron, as well as the results of calculations of the (renormalized by the strong interaction with the phonons) real part Re χ(ω) and the imaginary part Im χ(ω) of the quantity χ(ω) near the Fermi level at energy distances that do not exceed ten characteristic phonon energies (accepted as the energy unit). The behavior of the density of electronic states in precisely this energy range corresponds to the presence of the basic contributions to the density of states in the reconstructed conduction band and is determinative for the manifestation of the superconductive properties of a material.
In Fig. 7 , based on the alternating behavior of Im Z(ω) at small frequencies ω < 2, the effect of a reconstruction of part of the conduction band that adjoins the Fermi level into a series of energetically narrow pockets that do not overlap on energy can be observed. The set of pockets arranged in energy at distances on the order of unity from the Fermi level represents the part of the conduction band that is most important for the superconductivity reconstructed by the strong electron-phonon interaction. Figure 8 depicts the graphs of the real part of the self-energy part of the electronic Green's function of electrons in the SH 3 phase of hydrogen sulfide, the imaginary part of the self-energy part of the electronic Green's function of electrons, and the renormalized-by-phonons density of electronic states N(ω) for the conduction band in a wider range of -20 to +20 units of the dimensionless frequency ω at the pressure P = 225 GPa and temperature T = 200 K.
NORMAL PROPERTIES OF THE SH 2 PHASE
OF HYDROGEN SULFIDE Figure 9 presents the results of solving the system of equations (1)- (4) for the SH 2 phase of the metallic hydrogen sulfide for the real and imaginary components of the self-energy part of the electronic Green's function of the SH 2 phase of hydrogen sulfide in the range of the dimensionless ( ) Figure 10 shows the most important (for the phenomenon of superconductivity) part of the reconstructed conduction band (right-hand side in Fig. 10 ) at different spectral functions of the electron-phonon interaction, which correspond to different values of the parameter λ compared with the initial bare density of the electronic states (left-hand side of Fig. 10 ). It can be seen from Fig. 10 that the part of the conduction band in hydrogen sulfide that lies at about 1 eV from the Fermi level experiences a reconstruction under the effect of multiple strong interactions with phonons. Figure 11 demonstrates for the SH 2 phase of hydrogen sulfide the detailed results of the calculations of the quantities Re Z(ω) and Im Z(ω), which describe the real and imaginary parts of the renormalized electron mass, as well as the results of calculations for the real (Re χ(ω)) and imaginary (Im χ(ω)) parts of the quantity χ(ω) renormalized by the strong interaction with the phonons near the Fermi level in the frequency range at the energy distances that do not exceed ten characteristic phonon energies accepted as unity.
In Fig. 11 , in contrast to the situation for the SH 3 phase, the alternating behavior of the quantity ImZ(ω)is hardly observed at small frequencies ω < 2 and, consequently, no pockets appear that lie in energy at distances on the order of unity from the Fermi level. Re Z (ω) P = 170 GPa P = 180 GPa P = 225 GPa ω P = 170 GPa P = 180 GPa P = 225 GPa P = 170 GPa P = 180 GPa P = 225 GPa
dependences of the following quantities have been obtained: for the real ( ) and imaginary ( ) parts of the self-energy part of the electronic Green's function for the real (Re χ(ω)) and imaginary (Im χ(ω)) parts of the complex renormalization of the electron mass, for the real (Re χ(ω)) and imaginary (Im χ(ω)) parts of the complex quantity χ(ω), and for the densities of the electron states N(ε) in the SH 3 and SH 2 phases of hydrogen sulfide renormalized by strong electron-phonon interaction.
The renormalized densities of electron states differ from the bare electron spectrum obtained without taking into account the strong electron-phonon interaction, which considers only exchange and correlation electron-electron interaction in the field of an ideal crystal lattice [3] [4] [5] [6] [7] . For the calculations, realistic bare electron and phonon characteristics of the SH 3 and SH 2 phases of hydrogen sulfide were used that were calculated with a high accuracy for the appropriate pressures [4] . Self-consistently taking into account the inconstancy of the density of electronic states in the electron band with a simultaneous allowance for the strong electron-phonon interaction leads to the possibility of multiphonon transitions of electrons in a substantially wider electronic conduction band in ( )
contrast to the usually considered case with quantum transitions of electrons within the limits of a layer with thickness ω D near the Fermi surface. The renormalized densities of electron states differ from the bare electron spectrum obtained without taking into account the strong electron-phonon interaction, which considers only exchange and correlation electron-electron interaction in the field of an ideal crystal lattice [6] [7] [8] [9] [10] .
The SH 3 phase is characterized by a substantially stronger electron-phonon interaction and by a somewhat smaller energy of phonon frequencies compared with the SH 2 phase. In addition, in the SH 3 phase, the part of the renormalized density of the electron states that adjoins the Fermi level has sharper peaks (van Hove singularities) compared with the smoother behavior of the electron density of states in the SH 2 phase. In the SH 3 phase, in contrast to the SH 2 phase, the effect of the reconstruction of the conduction band renormalized by the strong EP interaction (Fig. 6 ) was additionally discovered with the appearance of a series of energetically narrow pockets that do not overlap in energy and, on the whole, constitute part of the reconstructed conduction band. These pockets can be seen in Fig. 7b based on the example of Re
the behavior of Im Z depending on the frequency. The above factors are the evidence that the SH 3 phase is a more promising superconductive material than the SH 2 phase. With increasing pressure, the specific features of the behavior of the real Re Z(ω) and imaginary Im Z(ω) parts of the complex renormalization of the electron mass and of the real Re χ(ω) and imaginary Im χ(ω) parts of the complex quantity χ(ω) become smoothed out. The height of the peak of the renormalized density of electron states hardly changes, while the width of the peak decreases. In total, these changes in the characteristics of hydrogen sulfide with pressure can be described as the unfavorable influence of pressure on the superconductivity and can lead to the conclusion that it is necessary to search for high-temperature properties in the region of lower pressures.
As a result of the carried out sequential and selfconsistent consideration of the renormalization of the electron spectrum in the SH 3 phase of hydrogen sulfide by strong (λ ≈ 2.2) electron-phonon interaction, we have established that the hydrogen sulfide in the SH 3 phase at a pressure P ~225 GPa and a temperature T = 200 K is a metal with strong nonadiabatic effects.
In the SH 3 phase, the characteristic phonon frequency is a quantity of the same order of magnitude as the characteristic width of the energy pockets of the reconstructed conduction electron band renormalized by strong (λ ≈ 2.2) electron-phonon interaction so that, in each of these pockets, Thus, the SH 3 phase of hydrogen sulfide with a crystal-lattice symmetry Im m, which is one of two main candidates that can be responsible for the superconductive properties of metallic hydrogen sulfide, is a substance, the calculation of the superconductive properties of which should be conducted by the methods of the generalized Eliashberg theory, which takes into account the finite width of the electronic bands. The superconductivity in this phase of hydrogen sulfide cannot be considered with the aid of the standard solutions of the Eliashberg equation [20] [21] [22] [23] [24] [25] [26] , which correspond to the infinite width of the electronic band and do not take into account sharp changes in the bare electron density of states. When studying the superconductivity, the strong renormalization of the electron density of states by phonons should also be considered, which leads to a sharp renormalization of both the width and the qualitative structure of the conduction band. The normal state in the hydrogen sulfide and the superconductivity in this substance should be considered using the generalized Eliashberg theory [13, 14] , which was initially developed for studying the normal and superconductive properties of cuprates, but is completely applicable for examining the properties of other substances with electronic bands of finite width, strong electron-phonon interaction, and electron-hole nonequivalence.
